In this work the numerical calculation was used to obtain the temperature profile with pre-and post-heating by microwave. The laser surface melting and re-solidification has been applied to eliminate pore and create homogeneous surface in ceramics. The problem is the formation of crack during cooling. To eliminate this problem we applied pre-and post-heating by microwave source to obtained slower surface cooling rates and thermal stress less than the tensile strength.
Introduction
Lasers have been employed successfully to treat ceramic materials. CO 2 lasers are particularly attractive because of the higher absorption of ceramics at their operating wavelength [1] . In laser surface treatment of ceramics by melting and resolidification, cracks are formed due to the elastic tensile stresses developed during cooling, owing to the temperature gradients that build up in the treated zone. Moreover, stresses could also result from restraint imposed by the untreated zone on the contraction of the treated zone. The ceramics are very brittle materials with high melting temperatures and low thermal conductivities, properties that lead to large thermal gradients and high cooling rates, hence large thermal stresses. These thermal stresses can lead to cracking and subsequent decrease in strength and fatigue life.
Lee and ZumGahr [2] studied the surface treatment of high-purity Al 2 O 3 ceramics using a CO 2 laser source. The ceramics were pre-heated to temperatures between 750 and 1500 °C in an electric high-temperature furnace. For specimens pre-heated to 1200 °C and laser-treated with a power of 720 W, a densified smooth surface was produced, with some thermally induced cracks present.
The aim of this work is to investigate the simultaneous use of laser and microwave to melt surface alumina and eliminate the cracking. The microwave was used as the pre-and post-heating source and the CO 2 laser beam as the main treatment source in order to reduce the thermal gradient and produce a deep and crack-free surface. Meanwhile, the distribution of the temperature for pre-heating microwave was simulated using Finites volumes method in FORTRAN program, and the distribution of the thermal stress in laser surface treatment of ceramics by melting and resolidification by the analytical method.
Microwave heating of ceramic body
The description of the microwave pre-and post-heating process requires a combined solution of two problems related to different physical disciplines. First, one has to solve Maxwell's equations in order to get the instantaneous power deposited at each point of the system. Then the heat conductivity that is responsible for redistribution and losses of the absorbed energy has to be properly treated. Both problems are highly nonlinear as the specific heat; conductivity coefficients are changing with temperature, which in itself is determined by those parameters and by frequency and power of the microwave source.
A three-dimensional [3] and ray-tracing [4] approach can be used to simulate this problem. The difficulty with the 3-D approach is the need for very large memory and computing time to adequately model complex and time-dependent systems, especially in highly overmoded cavities. Ray tracing is problematic because the assumption of a small change in field intensity over one wavelength breaks down when modeling high-loss materials.
We calculate the energy absorption using a 1-D model, which is reasonable for heating in overmoded cavities where the electromagnetic fields are relatively uniform, leading to uniform sample illumination. The electromagnetic field penetration into the sample is calculated taking into account the instantaneous dielectric properties of the sample.
The electromagnetic power absorbed per unit volume is given by [5] :
(1) Where f is the applied microwave frequency,
is the relative complex permittivity of the material, 0 ε is the permittivity of free space, and 〉 〈 2 E is the time squared average of the microwave electric field in the material. This field is determined by the solution of the Helmholtz equation:
Where:
, is the propagation vector of the electromagnetic wave and 0 ε is the free space permeability. The surrounding medium is at an ambient temperature during the entire heat-up period, and heat is lost by convection and radiation at the sample boundaries.
Assuming local thermal equilibrium between the ceramic matrix and air at the pore scale, the energy balance equation for the ceramics sample exposed to microwaves is:
Where: ρ is the density, p c the specific heat capacity, T the temperature and p a volumetric source term due to microwave power absorption. Equation (3) is solved numerically to obtain transient temperature profiles for a sample exposed to microwave radiation.
The specific heat and thermal conductivity varied with temperature as follows:
Where, the temperature T is in Kelvin. The microwave heating of the sample is analyzed by solving the electric field equations coupled with the energy balance equation Eq. (3) the dielectric properties were assumed to be independent of temperature and the dielectric properties of Al 2 O 3 used were 11 ,77 ε = ′ and 0,476 ε = ′ ′ . The frequency of radiation is 2.45 GHz and flux of the incident power is 70 W. cm -1 . The convective and radiation boundary conditions are considered at the free surface of the workpiece. Therefore, the corresponding boundaries conditions at top surface and bottom surface are:
Where h=10 w/m 2 k is the heat transfer coefficient due to natural convection, and T s and T amb the surface and ambient temperatures, respectively, m ε is the emissivity ( m ε =0.15 is considered), σ is the Stefan-Boltzmann constant σ =5,67.10
At far away boundary constant temperature boundary is assumed T amb = 293 K Equation (3) is solved numerically with the appropriate boundary conditions to predict the temperature field in the substrate material.
Numerical models
In this study we use the finites volumes method for solving the heat transfer equation in one dimensions for calculate the temperature as a function of position and time with proper initial and boundary conditions. The finites volumes method involves two steps, the mesh and discretization [6, 7] . The mesh is to divide the field into several intervals called control volumes. The discretization is the integration of the heat transfer equation in the control volume.
After the mesh and discretization of equation (3) we obtain a simple algebraic system of equation solved by dual scan method of Choleski [20] [21] .
In one dimensions we integrate the heat transfer equation (3) we obtained the following form:
The algebraic system equation is:
Where i denote node position z, n the time interval, ∆t the time step, such:
It is possible to determine i α and i β knowing the initial value 1 α and 1 β from boundary condition.
The process is repeated until convergence resolution result, using the following relation: Figure 1 shows the variation of temperature with time. The temperature increases quickly at the beginning of heating and later the heating rate decreases because of the heat lose in surface by convection and radiation increase due to the increase of temperature. The sample temperature increases to pre-heat temperature in shorter time with high value. Figure 2 shows the difference temperature between core and higher surface. The temperature difference is rising to the same maximal value, and then decreases, we can conclude that the temperature difference is proportional to the heating rate. The temperature difference is very small than the simple temperature, thus we can consider that the microwave heating is a homogeneous source, and the simple temperature is uniform.
Laser treatment procedures
The surfaces of the ceramic materials were treated using a CO 2 laser, emitting at an average of 10.6 μm and operating in the continuous mode. Treatment was performed with a laser power range between 100 and 1300 W, for forming crack-free surfaces, a beam diameter of 10 mm was used. In large area treatment, overlapping tracks at 50% of the beam diameter were used to develop uniform treated depth profiles. To increase the practicability of the process for large area treatment, a large diameter laser beam was used (10 mm). For example (power density: 6×10 2 W/cm 2 ; and processing speed: 0.4 mm/s), which led to high surface coverage rates, typically 40×10 -3 cm 2 /s for single surface track treatment (the surface coverage rate for large area treatment was 20×10 −3 cm 2 /s due to 50% beam overlapping). Laser treatment at relatively higher pre-heating temperature by microwave, results in the establishment of lower surface cooling rates. This is mainly a consequence of compensation in the heat transfer from the surface, leading to a change in the thermal shock conditions to which the material surface is subjected, since a constant cooling rate is established during the transition from plastic to elastic behaviour of the solidifying surface.
At low pre-heating temperature or at room temperature, the surface of the material is subjected to severe thermal shock due to sudden changes in temperature from high values to much lower values. Moreover, due to the low thermal diffusivity of ceramic materials and the short time scale, heat is accumulated in narrow areas around the irradiated zone. During processing, the material surface is subjected to heat transfer to the environment by radiation, and a natural convection. At room temperature and high processing speed of laser, the interaction time decrease, which result the higher surface cooling rates.
Increasing the pre-heating temperature by microwave of ceramic material we can increase the processing speed of laser, the heat loss in surface by convection and radiation was compensating by microwave energy when the temperature of the sample decrease. Results in the establishment of slower surface cooling rates.
Thermal stresses at conditions of constant cooling rate
To achieve crack-free surfaces, pre-heating temperature by microwave was increase to higher value in order to maintain the constant cooling rates below critical values. When cooling is dominated mainly by natural convection in a controlled environment, and a constant surface cooling rate is achieved, then, according to Hasselman and Singh [8] , Kingery [9] , Hasselman [10] , and Buessem [11] , the lateral and longitudinal thermal stresses developed on the surface of an infinite flat plate, assuming an isotropic and thermoelastic material, are given by achieve:
Where υ is the Poisson's ratio, E and β are the Young's modulus and the coefficient of linear expansion, respectively, α is Thermal diffusivity, σ d is half the characteristic dimension along which stresses are developed.
Similarly, the thermal stresses along the thickness of the treated zone are given by [8, 9, 10, 12] :
The dependence of the thermal stresses on cooling rate under conditions of natural convection cooling have also been verified by Bradshaw and Ritter [13] . They showed that the stresses developed in Al 2 O 3 ceramics under conditions of controlled natural convection cooling are directly proportional to the cooling rate, and that there is a threshold cooling rate below which the stresses are less than the fracture strength of Al 2 O 3 and cracking is eliminated.
Evaluations of the thermal stresses developed during cooling processing
The localised melting and solidification leads to the generation of large thermal stresses in the material during cooling. These stresses are developed in the surface plane and along the depth of the re-solidified zone. Therefore, the stress components developed are σ x , σ y and σ z .
In the case of σ x , the stresses are developed along the width of the treated zone, which is assumed to be equal to the laser beam radius; hence, Eq. (13) becomes:
The maximum cooling rate for a moving point source on a semi-infinite body, assuming constant thermo-physical properties and no radiant heat losses, is given approximately by Steen [14] , based on the work of Rosenthal [15] :
Where u is a laser processing speed, Q is laser power. Substituting Eq. (16) into Eq. (15), we have:
For σ z the Equations (14) and (16) were used to calculate the stresses along the depth of the re-solidified zone. An expression was needed to describe the depth of the treated zone in terms of the processing parameters. Römer [16] derived a model for predicting the depth of the laser-treated zone for melting of metallic materials; Peligrad et al. [17] 
Where C o is an empirical numerical constant these values are of the same order of magnitude as the value stated by Peligrad et al. [17] (C o =10), and C m a constant depending on the material properties:
Where A is absorption coefficient, d is laser beam diameter. With:
Substituting Eq. (18) and (16) in Eq. (14), the maximum stress developed along the laser-treated depth during solidification can be expressed in terms of the processing 
Equation (21) shows that the stresses developed along the thickness of the treated zone are independent of the processing speed and proportional to the laser power delivered to the surface for a fixed beam diameter and the pre-heating temperature by microwave.
In general, the stresses developed in the longitudinal direction σ y were found to be very small, about one to two orders of magnitude lower than the stresses in the other directions. Therefore, they could be neglected, since fracture can only occur due to the stresses in the transverse direction, and along the thickness of the treated zone. Hence, the stress situation is two-dimensional, and, ignoring shear stresses, stresses σ x and σ z are the maximum stresses [18, 19] . Figure 3 shows that the stresses developed along the width of the treated zone σ x decreases with increasing of preheating temperature because the thermal gradient was minimised and the cooling rat diminish. The heat loses in surface by convection and radiation was compensated by heat generated by microwave energy. At room temperature and processing speeds 0.4 mm/s, and laser densities less than 650 W/cm 2 , the stresses developed σ x would exceed the tensile strength of the ceramics, which is 15 MPa. At 400 °C, power densities above about 440 W/cm 2 lead to stresses lower than the tensile strength. This limit for a preheating temperature of 800 °C is about 270 W/ cm 2 and no exceeding of stress for a preheating temperature of 1200 °C. Figure 4 shows that the maximum power density required for crack-free processing at room temperature is 500 W/cm 2 . Above this power density, the maximum stresses developed along the thickness of the laser treated zone exceed the tensile strength of the ceramic and fracture would occur. Therefore, above a preheating temperature 400 °C, the stress is lower than tensile strength of the ceramic, irrespective of the power density. At 400 °C, only a power density of 500 W/cm 2 could develop crack-free surfaces. At 800 °C, crack-free surfaces could be produced with power densities between 300 and 800 W/cm 2 , and at 1200 °C, only power densities between 200 W/cm 2 and 800 W/cm 2 could produce crack-free surfaces.
conclusions
We presented in this an investigation into the possibility of producing crack-free surfaces with laser treatment employing a pre-and post-heating by microwave. The thermal stresses, built-up under constant cooling rate conditions, were evaluated in terms of the laser processing parameters, and preheating temperature. The temperature versus time curves for the ceramics for microwave heating was calculated by numerical method. Increasing the preheat temperature the stress diminish, lead to crack-free treatment for the ceramics.
